Abstract. Ursolic acid (UA), a natural pentacyclic triterpenoid compound, has been demonstrated to induce apoptosis in various tumors. The aim of the present study was to elucidate the molecular mechanisms of UA-induced apoptosis in HeLa cells. Here, we reported that UA induced apoptosis through the mitochondrial intrinsic pathway in HeLa cells, as shown by release of cytosol cytochrome c, activation of caspase-9 and -3, reduction of Bcl-2 and Bcl-xL, and increase of Bax and Bak. UA down-regulated the phosphorylation of ERK1/2 and p38, whereas phosphorylation of JNK was unchanged. The roles of ERK1/2 and p38 were further confirmed using the ERK1/2 inhibitor (U0126) and p38 inhibitor (SB203580). U0126 markedly increased UA-induced the Bax/Bcl-2 ratio, the increase of cytosol cytochrome c, and the levels of cleaved caspase-3, but SB203580 had little effects on the above characters, suggesting the ERK1/2 signaling pathway is required for apoptosis. Furthermore, UA up-regulated DUSP 1, 2, 4, 5, 6, 7, 9, and 10 mRNA expressions, which may be a clue for the role of dephosphorylation of ERK1/2 and p38. These data suggested that the apoptotic mechanism of UA treatment in HeLa cells was through the mitochondrial intrinsic pathway and closely associated with the suppression of the ERK1/2 signaling pathway.
Introduction
Cervical cancer ranks as the second most common gynecological cancer worldwide. There is an estimated incidence of 450,000 newly diagnosed cases and a mortality rate of 50% from invasive cervical cancer (ICC) per annum. Compared with developed countries, the prevalence of morbidity and mortality of cervical cancer in developing countries are higher, which have been ascribed to poor hygiene conditions, unavailable mass-screening programs, earlier age of sexual debut, and so on (1) . Although therapeutic techniques for the treatment of cervical cancer have made considerable progress in the past years, recurrence, toxic side effects, and multidrug resistance of cervix-carcinoma are still frequent and important causes leading to the final death in cervical cancer patients. Therefore, the development of new anticancer agents to eradicate cervical cancer cells remains highly attractive and is crucial for a better treatment and a more prolonged survival.
Ursolic acid, a natural pentacyclic triterpenoid compound derived from the berries, leaves, flowers, and fruits of medicinal herbs, such as Rosemarinus officinalis, Oldenlandia diffusa, and Radix actinidiae, possesses antiviral (2), antibacterial (3), anti-inflammatory (4), anticancer (5) , and hepatoprotective activities (6) . Its antitumor effects have been investigated in vivo and in vitro by inducing tumor differentiation, inhibiting the proliferation of cancer cells, inducing apoptosis, as well as promoting the autophagy of cancer cells. Park et al. reported that UA could inhibit the proliferation of
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cervical cancer lines, including HeLa, CaSki, and SiHa, and in addition, induce apoptosis in HeLa cells. The expression of Fas protein, cleaved proteins of caspase-8, caspase-3, and poly ADP-ribose polymerase (PARP) were observed after treatment of HeLa cells with UA (7) . However, the underlying molecular mechanisms of UA's anti-cervical carcinoma activity have been largely unknown.
Mitogen-activated protein kinases (MAPKs) play vital roles in cellular processes, including cell proliferation, differentiation, migration, and apoptosis. MAPK pathways are activated through sequential phosphorylation of several substrates on threonine/tyrosine residues by the integration and processing of intracellular and extracellular cues. There are three best-characterized MAPK pathways: the extracellular signal-regulated kinase (ERK1/2) pathway, which responds mainly to growth-and differentiation-factors, and the p38 and JNK pathways, which respond mainly to stress conditions (8, 9) . Increasing evidence has shown that abnormalities in MAPK signaling have been implicated in several pathological situations, including cancer. Remarkably, dysregulation of the RAS/RAF/MEK/ERK pathway has been detected in > 30% of human tumors. For example, constitutive activation of the ERK pathway results in basic fibroblast growth factor-induced angiogenesis (10 -12) . Therefore, in the recent decades, some small molecule agents have been developed to regulate MAPK signaling pathways, mostly with ERK1/2, p38 and MEK as targets, in order to inhibit the proliferation and promote the apoptosis of tumor cells. It has been not clear whether MAPK signaling pathways are involved in the apoptotic process induced by UA on cervical carcinoma.
On the other hand, MAPK pathways are inactivated through dual-specific phosphatases (DUSPs). DUSPs' family currently contains 25 members and their primary mode of action of DUSPs is the dephosphorylation of tyrosine and/or serine/threonine residues on activated MAPKs (13) . Regulation of expression and activity of DUSP family members in different cells and tissues controls the intensity and duration of MAPKs, thereby determining the type of physiological response (14) . It has been reported that the growing list of cancers are associated with dysregulated expression of DUSPs (15, 16) . Of them, as a major negative regulator of ERK1/2 activation, the study of DUSP6/MKP3 focuses on the mRNA level. The DUSP6/MKP3 gene was downregulated in invasive pancreatic carcinoma and highgrade lung carcinomas; moreover, its expression is also associated with overall survival in non-small cell lung cancer (NSCL). On the basis of these findings, DUSP6/ MKP3 has been proposed as a candidate tumor suppressor gene in pancreatic and lung cancer (17, 18) . To date, little information is available about whether UA has the potential to regulate the expression of DUSPs genes in cervical carcinoma.
Therefore, in the present study, we investigated the effects of UA on cervical cancer cell proliferation and analyzed the UA-induced apoptosis pathway. Furthermore, we examined the roles of the MAPK signaling pathways and DUSPs gene expression regulated by UA in HeLa cells. This study provides important insight into the molecular mechanisms of UA against cervical cancer cells and will be helpful for developing future therapies for the treatment of cervical cancer.
Materials and Methods

Reagents and antibodies
UA (purity > 99%), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), penicillin, and streptomycin were purchased from Gibco (Gaithersburg, MD, USA). The Annexin V-Fluorescein Isothiocyanate (FITC) Apoptosis kit was purchased from BD Biosciences (San Jose, CA, USA). Primary antibodies against caspase-3, caspase-9, cytochrome c, p38, p-p38, ERK1/2, p-ERK1/2, JNK, p-JNK, Bcl-2, Bax, Bak, Bcl-xL, and b-actin were purchased from Cell Signaling Technology (Danvers, MA, USA). The secondary antibodies horseradish peroxidase (HRP)-conjugated anti-rabbit IgG and anti-mouse IgG were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The ERK1/2 inhibitor U0126 and the p38 inhibitor SB203580 were purchased from Cell Signaling Technology. All other chemicals were produced in China and were of analytical grade.
Cell culture and UA treatment
HeLa cells were purchased from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). Cells were grown in DMEM at 37°C and 5% CO 2 supplemented with 10% FBS, 100 U/mL of penicillin, and 100 mg/mL of streptomycin. Cells in the exponential phase of growth were collected for proliferation, apoptosis, western blotting, and real-time polymerase chain reaction (PCR) assays. For UA treatment, UA was dissolved in DMSO to make a stock solution of 100 mM and diluted further to final concentrations with serumfree culture medium.
Cell proliferation assay
The MTT assay was carried out to evaluate the effect of UA on HeLa cells. Briefly, HeLa cells were plated in 96-well culture plates (1 × 10 4 cells/well) for 12 h. Cells were incubated with UA (0, 5, 10, 20, and 40 mM) for 48 h. A 20-mL aliquot of MTT test solution (5 mg/mL) was added to each well. After 4 h of incubation, the culture medium was removed and 100 mL of DMSO added to each well. After 10 min of incubation and vortex mixing, the absorbance at 570 nm was read. All experiments were carried out at least three times. Inhibition (%) was calculated using the following formula: Inhibition (%) = (1 -absorbance of experimental well/ absorbance of control well) × 100%.
Apoptosis
The Annexin V-FITC Apoptosis kit was used according to manufacturer's instructions. HeLa cells (5 × 10 5 ) were plated in 60-mm dishes and treated with UA (0, 20, 40, and 60 mM) for 48 h. After treatment, cells were collected by trypsinization and washed twice in cold phosphatebuffered saline (PBS). Cells (1.0 × 10 6 /mL) were added to 1 × combination buffer (100 mL). Five microliters of Annexin V and 10 mL propidium iodide were then added. The mixture was vortex-mixed gently and incubated in the dark for 15 min at room temperature. Loading buffer (300 mL) was then added. Flow cytometry was then employed using a FACS Calibur system (BD Biosciences, San Jose, CA, USA). All experiments were conducted at least 3 times.
Western blotting
Cells (1.0 × 10 6 ) were seeded in 10-cm dishes. When the cells had grown to the log phase, they were treated. To obtain total cell extracts, treated cells were washed with ice-cold PBS and resuspended in lysis buffer comprising 20 mM Tris-HCL (PH 7.4), 150 mM NaCl, 1% Triton and 1 mM PMSF at 4°C for 30 min. The lysed cells were centrifuged at 13,000 × g for 5 min at 4°C, and the supernatant solutions were collected as whole cytoplasmic protein for analyzing caspase-3, caspase-9, Bcl-2, Bcl-xL, Bak, Bax, ERK1/2, p-ERK1/2, p38, p-p38, JNK, and p-JNK.
For determining the cytochrome c release, the cytoplasm fraction and mitochondria fraction were separated. The cells were collected and washed with PBS and then resuspended in an ice-cold homogenizing buffer (250 mM sucrose, 1 mM dithiothreitol, 1 mM phenylmethylsulfonylfluoride, 1 mg/mL aprotinin, and 1 mg/mL leupeptin). Cells were homogenized with a glass homogenizer. The homogenate was centrifuged at 1000 × g for 10 min, and the supernatant was subjected to 10,000 × g centrifugation for another 10 min. The pellet was the mitochondrial fraction. The supernatant was re-centrifuged at 100,000 × g for 1 h at 4°C. The resulting supernatant was used as the cytosolic fraction.
The total protein concentration was determined using a Bicinchoninic Acid Protein kit (Thermo Fisher, Shanghai, China). Proteins were separated by 10% sodium dodecyl sulfate-polyarylamide gel electrophoresis and electrotransferred onto a polyvinylidene difluoride (PVDF) membrane (0.22 mm; Millipore, Bedford, MA, USA) using a semi-dry transfer apparatus (Bio-Rad, Hercules, CA, USA). Blocking was carried out for 2 h in 5% non-fat dried milk in Tris-buffered saline and Tween 20 (TBST) buffer at room temperature. Then, the PVDF membrane was washed thrice with washing buffer for 10 min each. Primary antibodies were added to the PVDF membrane for 2 h at room temperature or 4°C overnight. Then, after 3 washes in TBST buffer, secondary antibodies were added and the mixture incubated at room temperature for 2 h. Blots were subjected to a further 3 washes with TBST buffer. Detection was undertaken using an enhanced chemiluminescence western blotting substrate (Pierce, Rockford, IL, USA).
Real-time PCR
HeLa cells were exposed to 0, 20, 40, or 60 mM UA for 48 h. Then, total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The concentration and purity of RNA was determined based on measurement of absorbance at 260 and 280 nm. RNase-free DNase I was used to remove DNA. M-MLV reverse transcriptase (Invitrogen) was used (according to manufacturer instructions) to treat 2 mg of total RNA for synthesizing first-strand cDNA. cDNA was then subjected to real-time quantitative PCR for evaluation of mRNA levels. Gene-specific amplification was done using a real-time PCR system (ABI StepOne; Applied Biosystems, Foster City, CA, USA) with a 20-mL PCR reaction mixture containing 1 mL cDNA (synthesized as described above), 2 × fast SYBR Green Master Mix (10 mL, ABI StepOne), forward primer (1 mL), and reverse primer (1 mL) ( Table 1 ). The amplification conditions were 95°C for 20 s, followed by 40 cycles at 95°C for 3 s and 60°C for 30 s. Regression curves were calculated for each sample, and the relative amount of mRNA calculated from the threshold cycles using the software provided with the instrument. Relative expression of the target genes was normalized to the geometric mean of the internal control gene (glyceraldehyde 3-phosphate dehydrogenase). Data were analyzed using the two standard-curve methods.
Statistical analyses
Data are expressed as the mean ± S.D. Statistical analyses were done using SPSS ver15.0. The data were analyzed with one-way analysis of variance, followed by Dunnett's test and Tukey's test. A P-value of less than 0.05 was considered significant.
Results
Effects of UA on the proliferation of HeLa cells
First, we determined the effect of UA on the proliferation of HeLa cells. Cells were treated with 0, 5, 10, 20 and 40 mM of UA for 48 h. The viability of HeLa cells was assessed by the MTT assay. UA inhibited cell proliferation in a dose-dependent manner, with a halfmaximal inhibitory concentration (IC 50 ) of 9.54 ± 0.98 mM at 48 h (Fig. 1) . Observed under a microscope, the anti-proliferative effect of 40 mM UA treatment at 48 h was characterized mainly by a large proportion of round floating cells. The number of survival cells decreased significantly when compared with the control.
Effects of UA on the apoptosis of HeLa cells
Next, we examined the effect of UA on the apoptosis of HeLa cells by an Annexin V staining-based FACS assay. The number of cells undergoing early apoptosis after treatment with UA (40 and 60 mM) for 48 h was much higher than that of control cells (74.30% ± 5.26% and 83.87% ± 2.27% vs. 2.20% ± 1.15%, respectively). The percentage of total apoptotic cells increased to 85.76% ± 4.85% and 92.10% ± 8.64% after treatment with 40 mM and 60 mM UA, respectively, which was significantly higher than that in control cells (3.10 ± 1.06%) (P < 0.01). The total apoptotic rate of HeLa cells after UA treatment increased in a dose-dependent manner (Fig. 2) .
UA induces activation of caspases and release of mitochondria cytochrome c
Caspases are believed to play a central role in mediating various apoptotic responses. Hence, we monitored the enzymatic activities of caspases-3, -8, and -9 during UA induced apoptosis in HeLa cells. UA treatment caused the activation of caspase-9 and caspase-3, which TTTGAGGGTCACTACCAG  GAGATGATGCTTCGCC  DUSP2  AGTCACTCGTCAGACC  TGTTCTTCACCCAGTCAAT  DUSP4  CAAA-GGCGGCTATGAG  GGTTATCTTCCACTGGG  DUSP5  CTGAGTGTTGCGTGGA  AGTCTATTGCTTCTTGAAAGT  DUSP6  CGAGACCCCAATAGTGC  AATGGCCTCAGGGAAA  DUSP7  TCATTGACGAAGCCCG  GCGTATTGAGTGGGAACA  DUSP9  ATCCGCTACATCCTCAA  AGGTCATAGGCATCGTT  DSP10  CTGAACATCGGCTACG  GGTGTAAGGATTCTCGGT  DUSP14  CTGCTCACTTAGGACTTTCT  CCTTGGTAGCGTGCTG  DUSP16  AGAATGGGATTGGTTATGTG  TGTAGGCGATAGCGATG  GAPDH AAGGTCGGAGTCAACGGATT CTCCTGGAAGATGGTGATGG were observed as the cleaved form in a time-dependent manner. The release of cytochrome c from the mitochondria is a crucial event in the process of cell death, which subsequently activates caspases and ultimately results in apoptosis. In our study, UA treatment caused a gradual increase in the level of cytosol cytochrome c in a timedependent manner (Fig. 3A) due to its release from mitochondria. These results suggested that UA-induced apoptosis in HeLa cells occurred through the mitochondrial pathway.
Effects of UA on the expression of Bcl-2 family proteins
Mitochondrial involvement in apoptosis is regulated by Bcl-2 family proteins, whose family is divided into anti-apoptotic and pro-apoptotic proteins. We examined the expression of four members of the Bcl-2 family: two anti-apoptotic proteins (Bcl-2 and Bcl-xL) and two pro-apoptotic proteins (Bak and Bax). UA treatment in HeLa cells resulted in increasing the levels of Bax and Bak, as well as decreasing levels of Bcl-2 and Bcl-xL, in a time-dependent manner (Fig. 3B) . These data further suggested that UA induced apoptosis via the mitochondrial intrinsic pathway in HeLa cells.
MAPK pathways are involved in UA-induced apoptosis in HeLa cells
Recently studies have demonstrated that UA regulates activation of a different MAPK signaling pathway components in various cancers. Therefore, we investigated whether MAPK signaling pathways were involved in the UA effecting on cervical cancer cells. HeLa cells were treated with various concentrations of UA for 48 h, and the total protein levels of ERK1/2, JNK, and p38, as well as their phosphorylation levels were determined by western blotting. The results showed that total protein levels of p38, ERK1/2, and JNK were not altered after exposure to various UA concentrations for 48 h, but levels of p-p38 and p-ERK1/2 were reduced markedly in a dose-dependent manner; the level of p-JNK showed no After treatment, total cellular extracts were prepared and subjected to western blotting using antibodies against phospho-ERK1/2, phosphop38, and phospho-JNK. Blots were subsequently re-probed with antibody directed against ERK1/2, P38, and JNK to control for equal loading. B) Values are the mean ± S.D. for 3 separate experiments. The data were analyzed by Dunnett's test, *P < 0.05 and **P < 0.01, compared with the control group. significant change (P > 0.05). These results suggested that UA treatment suppressed the ERK1/2 and p38 pathway, but not JNK in HeLa cells (Fig. 4) .
Effects of MAPK inhibitors on UA-induced apoptosis in HeLa cells
Accumulating evidence indicates that the MAPK signaling pathway participates in the mitochondrialmediated apoptotic pathway. We further determined the roles of ERK1/2 and p38 pathways on the UA-induced apoptosis in HeLa cells. HeLa cells were pretreated with the ERK1/2 inhibitor U0126 or p38 inhibitor SB203580 for 1 h before UA treatment for 48 h. The Bax/Bcl-2 ratio has been reported to determine whether or not a cell will undergo apoptosis, so the expression levels of Bcl-2 and Bax were determined and the ratio of Bax/ Bcl-2 was evaluated. Levels of cytosol cytochrome c, procaspase-3, and its cleaved activity were also monitored. The results showed that UA and U0126 alone downregulated expression of Bcl-2 and upregulated expression of Bax, level of cytosol cytochrome c, and cleaved caspase-3. Compared with control cells, the ratio of Bax/Bcl-2 increased significantly (P < 0.01). Together with U0126 treatment, the effects of UA on the above characteristics had been enhanced significantly (P < 0.05) compared with the UA group; of note, the ratio of Bax/ Bcl-2 dramatically increased (> 2.0-fold). SB203580 moderately decreased the expression of Bcl-2, increased levels of Bax and cytosol cytochrome c, and the ratio of Bax/Bcl-2 increased significantly (P < 0.05) compared with control cells, but cleaved caspase-3 had not been observed remarkably. Whereas for SB203580 combined with UA, the ratio of Bax/Bcl-2 decreased but the difference did not reach statistical significance (P > 0.05) compared with UA alone (Fig. 5) . These data indicated that UA-induced apoptosis in HeLa cells was associated with the suppression of the ERK1/2 pathway.
Effects of UA on expression of DUSP genes in HeLa cells
In view of the knowledge that activation of the MAPK pathway is closely related to the DUSP genes expression, ten typical DUSPs members, including DUSP 1, 2, 4, 5, 6, 7, 9, 10, 14, and 16 were employed to examine the mRNA expression levels under treatment with various UA concentrations in HeLa cells. The results of quantitative real-time PCR are shown in Fig. 6 . The mRNA levels of DUSP 1, 2, 4, 5, 6, 7, 9, and 10 were up-regulated compared with the control in UA-treated HeLa cells; moreover, DUSP 1, 2, 4, 5, 6, and 7 were significantly increased, whereas mRNA levels of DUSP 9 and 10 decreased in a dose-dependent manner. In addition, mRNA levels of DUSP 14 and 16 had not changed in the course of treatment. Of interest, DUSP 6 as a major negative regulator of ERK1/2 activation, its relative expression reached culmination at higher UA concentration. The results indicated that UA had potential to regulate the expression of specific DUSPs genes resulting in attenuation of the MAPK signaling pathways.
Discussion
Every year, various natural compounds have been exploited for usage as therapeutic agents for the treatment of cancer. An important property of a candidate anticancer drug is its ability to inhibit cancer cell growth and kill cancer cells. In this study, our results showed that UA inhibited proliferation and induced apoptosis in HeLa cells in a dose-dependent manner, which were consistent with reports as to the anti-proliferative and pro-apoptotic effects of UA on other cancer cells.
Apoptosis pathways are strategic targets for effective cancer therapies. There are mainly two apoptotic pathways: the intrinsic pathway and the extrinsic pathway. The extrinsic pathway involves cell death receptors and their ligands on the cell surface, such as FasL and TNF-Rs. It can be initiated by intracellular signals and lead to activation of initiator caspase-8 and -10, which sequentially trigger the "executioner" caspases-3, -6, and -7. The intrinsic pathway, known as the mitochondrial pathway, is characterized by the efflux of cytochrome c from mitochondria to the cytosol, where it subsequently activates the initiator caspase-9 and thus causes the activation of caspase-3, -6, and -7 in turn (19) . Moreover, it is well known that the mitochondrial pathway is both triggered and inhibited by Bcl-2 superfamily members, which include anti-apoptotic (e.g., Bcl-2, Bcl-xL) and pro-apoptotic (e.g., Bax, Bak, Bid) proteins acting mainly at the level of the external mitochondrial membrane (20) . The anti-apoptotic proteins prevent cytochrome c release from mitochondria, while the pro-apoptotic proteins can be activated under the apoptotic stimulus and inducing mitochondrial outer membrane form channels, through which cytochrome c is released from mitochondria, causing activation of caspase-9 and caspase-3, ultimately resulting in apoptosis. In the past decades, researchers have intensively studied the pathway of apoptosis induced by UA treatment in a wide variety of cell lines (21, 22) , but it is not clear which pathway is involved into the apoptotic process induced by UA in HeLa cells. In the present study, we found that mitochondria cytochrome c was released, caspase-3 and -9 were activated, anti-apoptotic proteins Bcl-2 and Bcl-xL expressions were downregulated, and pro-apoptotic proteins Bax and Bak expressions were up-regulated in a time-dependent manner. These results strongly demonstrated that UA induced HeLa cell apoptosis through the mitochondrial intrinsic pathway.
Numerous investigations have demonstrated that the intracellular signal transduction of apoptosis in tumor cells is closely associated with MAPK pathways in response to several extracellular stimuli, including small compounds (23, 24) . Several studies had reported that UA acted on different MAPK pathways in different types of cancer cells (25 -28) . Subsequently, this study focused on the roles of MAPK pathways in apoptosis induced by UA in HeLa cells. We found that phosphorylation of ERK1/2 and p38 decreased significantly after UA treatment. These results demonstrated that UA treatment in HeLa cells suppressed ERK1/2 and p38 signaling pathways.
The two systems, MAPK and Bcl-2 protein families, communicate with each other to regulate the proliferation and the death of cells. Genes encoding Bcl-2, and Bcl-xL are activated by MAPK signaling in some cell types (29 -31) , in addition, the activities of Bcl-2, Bad, and Bim are regulated post-translationally by phosphorylation (32 -34) . It has been reported that ERK1/2 participates in anti-apoptotic signaling via phosphorylation-dependent control of pro-apoptotic Bim protein. The phosphorylation of Bim by MAPK involves its disassociation from Bcl-2 and Bcl-xL; Bim subsequently is degraded via proteasomes, and this allows Bcl-2 and Bcl-xL to bind Bax and inhibit Bax activation and the formation of Bax:Bax homodimers. Consequently, apoptosis is prevented (35, 36) . Regardless of how the ERK signaling regulates the Bcl-2 superfamily members, as a whole, Bax/Bcl-2 ratios determine whether the cell survives or undergoes apoptosis under some circumstances (37) . The higher this ratio is, the more possibility apoptosis would occur. In this study, we showed that UA treatment in HeLa cells increased the ratio of Bax/Bcl-2, level of cytosol cytochrome c, and activation of caspase-3 compared to the control cells; when U0126 was added to inhibit ERK1/2, the regulation effects were enhanced on the above characteristics. Furthermore, we also found that the Bax/Bcl-2 ratio and the expression of those proteins induced by UA have not been significantly altered in cells treated with the p38 inhibitor SB203580 compared with the UA group. Thus, our findings firstly provided the evidence that UA-induced apoptosis was closely associated with suppression of the phosphorylation of ERK1/2 in HeLa cells. Future experiments will further define the role of p38 in apoptotic process induced by UA treatment in HeLa cells.
DUSPs are negative regulators of the activity of MAPKs. Expression of DUSPs is correlated with the activity of its target MAPK, which can regulate cell survival and apoptosis (38) . DUSPs can specifically dephosphorylate one or more MAPKs (39) , and substrate specificity may be dependent upon cell type and context (40 -42) . DUSP 1, 2, 4, and 5 are mitogen-and stressinducible nuclear DUSPs; DUSP 6, 7, and 9 are cytoplasmic ERK-specific DUSPs; DUSP 8, 10, and 16 are JNK/p38-specific phosphatases found in both the cell nucleus and cytoplasm (43) . Here, we revealed that DUSP 1, 2, 4, 5, 6, 7, and 9 mRNA expressions were up-regulated; and DUSP 14 and 16 expressions were not changed with UA treatment. It is therefore speculated that higher-expressed DUSP 4, 5, 6, 7, 9, specifically dephosphorylated ERK1/2 as substrate may account for the decrease in the phosphorylation of ERK1/2; higherexpressed DUSP 1 and 2, specifically dephosphorylated p38 as substrate may account for the decrease in the phosphorylation of p38; and unvaried phosphorylation of JNK may be due to no difference in mRNA level of DUSP 16, which would specifically dephosphorylated JNK as substrate, between with or without UA treatment. To the best of our knowledge, no one has reported that UA has potential to regulate the expression of DUSP genes in cervical carcinoma. It has been documented that DUSP 1, 2, 3, 4, 5, and 6 have emerged as potential regulators of cell growth, apoptosis, and transformation in different cell systems and human malignancies (43) . Therefore, further investigations to explore the regulatory mechanisms of UA on specific DUSP gene expression in cervical cancer cells may prove to be worthwhile.
In conclusion, our present study demonstrated that UA was able to effectively inhibit the proliferation and induce apoptosis in HeLa cells. The UA-induced apoptosis was mainly associated with the mitochondrial intrinsic pathway, as we provided the evidence of the release of cytochrome c from mitochondria and the cleavage of caspases-9 and -3. Moreover, the apoptotic mechanism involved upregulation of Bax and Bak expression and downregulation of Bcl-2 and Bcl-xL. UA acted on the HeLa cells through suppressing p-ERK1/2 and p-p38, but not p-JNK. Furthermore, ERK1/2 signaling pathways were proven to be involved in the pro-apoptotic effects of UA on cervical cancer cells by increasing the Bax/ Bcl-2 ratio. Last but not least, the upregulation of specific DUSP genes may be responsible for the dephosphorylation of ERK1/2 and p38. Taken together, our findings provided new insights into the molecular mechanisms of UA in HeLa cells and will be useful for evaluating the potency of UA as a promising agent for the prevention and treatment of human cervical cancer.
